T o assess ventilatory control during sleep in infants at risk for the sudden infant death syndrome (SIDS), we made serial measurements of resting tidal volume (Vt), respiratory cycle time (Ttot), and the ventilatory changes resulting from inhalation of 2% Con in aborted S l D S infants in rapid eye movement and quiet sleep and compared them to a group of normal infants during the first 4 months of life. Ventilation was measured by the barometric method, and sleep was staged using electroencephalogram, electrooculogram, and electromyogram and behavioral criteria.
Summary
T o assess ventilatory control during sleep in infants at risk for the sudden infant death syndrome (SIDS), we made serial measurements of resting tidal volume (Vt), respiratory cycle time (Ttot), and the ventilatory changes resulting from inhalation of 2% Con in aborted S l D S infants in rapid eye movement and quiet sleep and compared them to a group of normal infants during the first 4 months of life. Ventilation was measured by the barometric method, and sleep was staged using electroencephalogram, electrooculogram, and electromyogram and behavioral criteria.
Although resting instantaneous minute ventilation (Vt/Ttot) was virtually the same in both groups of infants, Vt tended to be smaller (by up to 50% in the first 2 months) and Ttot tended to be shorter in aborted S l D S than in normal infants in both rapid eye movement and quiet sleep. The increase in the mean Vt/Ttot with 2% COz is greater by about 5 to 20% in aborted SIDS than in normal infants at 3 and 4 months of age in both sleep states. These findings, together with our previous findings that aborted S l D S infants have an increase in heart rate and a shortening of the QT interval, provide indirect evidence that infants a t high risk for S l D S may have increased sympathoadrenal activity.
SUBJECTS AND METHODS

PATIENT POPULATION
Nineteen normal infants and 12 infants with one or more episodes of aborted SIDS were studied. There were 12 male and seven female infants in the normal group and five male and seven female infants in the aborted SIDS group. Four aborted SIDS infants had siblings, and two had cousins who died of SIDS. Except for 1 aborted SIDS infant who was born at 35 wk of gestation and two normal infants born at 37 wk of gestation, all infants in both groups were full-term. All pregnancies and deliveries were uncomplicated. Their birth weights ranged between 2700 to 4040 g. There were no significant differences in the means of the two groups in birth weight or subsequent growth.
We defined an aborted SIDS infant as an apparently healthy infant who has experienced an episode of unexplained apnea with cyanosis or pallor requiring mouth to mouth resuscitation or vigorous physical stimulation for revival. The mean age of the infants at the time of the first aborted SIDS episode was 2 months, with a range of 1 to 4 months. Eight aborted SlDS infants were observed to be asleep shortly before their apneic episode whereas the state of consciousness was unknown in the remaining four. Four of the infants were found limp, four were stiff, and no abnormal muscle tone was noted in ihe other four infants. Cyanosis was observed in seven of the aborted SlDS infants and We speculate that cardiorespiratory collapse in S l D S is the pallor in five. Three of the 12 infants had more than one episode result of an imposition of a Stress, such as transient hypoxia, on aborted SIDS. an infant with a developmental abnormality in the sympathetic we included in the group of the aborted SIDS infants only nervous System in whom the maturation of protective mechanisms infants that had normal physical and detailed neurologic examiagainst such an abnormality is not yet fully completed. nation and negative laboratory assessment. This assessment included blood counts, multipleblood chemistries (serum glucose. sodium, potassium, chloride, calcium, magnesium, and blood urea nitrogen), acid-base and blood gas analysis, chest x-ray, upper it has generally been assumed that there is a matu-gastrointestinal study with barium swallow to exclude marked rational defect in the cardiorespiratory control system of infants gastroesophageal 12-lead electrocardiogram (ECG), 12 to with the sudden infant death syndrome @IDS) (27. 28) . to Our 24-hr continuous ECG monitoring on tape, and electroencephaknowledge. no ventilatory studies have been performedon aborted logram. Conventional 12-lead ECGs performed at monthly inter-SIDS infants to see whether these infants have abnormal matu-vals in the first months of life were normal in all infants. These rational changes in minute ventilation or ventilatory pattern. infants are now 6 to 48 months old and have had normal growth Therefore, we studied resting minute ventilation and ventilatory and development. pattern serially in the first 4 months of life in aborted SIDS infants and compared them to those in age-matched normal infants. T o PHYSIOLOGIC STUDIES determine whether COz inhalation induces different ventilatory changes in aborted SIDS than in normal infants, we also compared Our methods have been described in detail elsewhere ( 14. 16, ventilation and ventilatory pattern obtained during C 0 2 inhala-21). In brief, the aborted SIDS infants were first studied within I tion to those obtained during ambient air breathing in both to 2 wk after the aborted SIDS episode. Subsequently, ventilatory populations in the same age period. Because facial contact may measurements were serially performed on their monthly birthdays disturb the level as well as the pattern of ventilation (3, 12) , we through 4 months of age. The normal infants were studied at 1, 2, utilized the noninvasive barometric method (10) as modified in 3, and 4 months of age. Informed written consent was obtained our laboratory (1 1, 14) to measure ventilation. Because death in from the parents of all infants. Because of imperfect parental SIDS infants is presumed to occur during sleep (27.28) we studied compliance and the different ages of presentation in the aborted all ventilatory parameters in both groups of infants during REM SIDS infants, the number of normal infants studied at each age and quiet sleep.
varied from 14 to 18 and that of aborted SIDS infants from 3 to
879
I I with an average of 17 and 7, respectively. In addition, because several of these infants woke up before COa was administered, it was not possible to study the ventilatory changes induced by COa in all infants. The average total sleep time in a study was 135 min with a range of 80 to 210 min. The pre-C02 period averaged about 70 min, and about an equal time was spent in the C 0 2 sleep period. Polygraphic recordings were coded into rapid eye movement (REM) and quiet sleep using a bipolar C4-A1 electroencephalogram. a bipolar electrooculogram. and a bipolar submental electromyogram (I). A behavioral code that described the infant's somatic activities during sleep (9) was used throughout each study.
Respiration was recorded wholly noninvasively using the barometric method (1 1. 14. 16). The techniques utilized for data acquisition have been detailed elsewhere (14) . In brief, the respiratory waveform was digitized on-line at 25 Hz and stored on disk for analysis with the aid of a minicomputer. Tidal volume (Vt), inspiratory time (Ti), expiratory time (Te), and total respiratory cycle time (Ttot) were measured. In addition, we calculated the instantaneous minute ventilation (Vt/Ttot). In each study, after baseline ventilatory measurements, 2% CO2 was continuously inspired for about 1 hr. Two percent C02 was chosen because in preliminary studies 4% frequently aroused infants from sleep. To increase the COa concentration to 2% in the chamber, a calculated volume of 80% COa in Oz was introduced in the chamber. The C 0 2 concentration in the chamber was kept between 1.90 and 2.10% during the CO2 challenge period. Because COz concentration in the chamber did not reach equilibrium for about 2 to 3 min and because we wished to study the ventilatory change after it reached its maximum (16). we did not include the first 5 min after adding COz to the chamber in this analysis.
STATISTICAL ANALYSIS
The results of the present investigation were based on the analysis of all the artifact-free breaths which amounted to 5,000 to 10,000 breaths per study. In every study, each ventilatory parameter for each sleep state was calculated as the median of all the observed values in that sleep state before the administration of C 0 2 and during CO2 breathing. Because the variances of the two populations (normal and aborted SIDS) were quite different in many cases. we performed the Welch test (6, 21) instead of the unpaired t test to evaluate statistical significance in the differences between the means of the two groups of infants at each age and sleep state. Differences in the means were considered significant if P < 0.05.
The above conventional approach compares the means of the aborted SIDS population and the population of normal infants at each age. In general, when the variances of two populations are not equal or when the distributions of the two populations are skewed, the population with a larger mean may have a relatively low probability of giving a larger sample value than the other population with the smaller mean. Therefore, in addition to the abbve comparison of means, it is also important to estimate the actual probability (P[X > Y li]) that a sample value X selected at random from one population at the age of i months exceeds a sample value Y selected at random from the other population at the same age (5. 30). We estimate this probability by using a normalized form of the Mann-Whitney statistic (5, 17, 20) . We then apply the classical Mann-Whitney test (17) to determine whether the estimated probability is significantly above (or below) Y2 at the 0.05 significance level.
We make use, therefore, of two different statistical techniques for the comparison of each ventilatory variable: (1) the Welch test to see whether there is a significant difference between the means of the two populations; (2) an estimate of the probability that an observation X selected at random from one population at a given age i exceeds an observation Y also selected at random from the other population of infants at the same age; the Mann-Whitney test is applied to see whether this estimated probability is significantly above or below %.
T o study the Cop-induced changes in ventilation and ventilatory pattern, we first calculated the difference between the median of all the observed values before the administration of C 0 2 (baseline median) and that during C 0 2 breathing for each respiratory parameter in each infant. This difference was then normalized by the baseline median, and this was expressed as median change from baseline in percentage. We then examined the distribution of the values of the median percentage change for each of the two groups of infants at each age and sleep state. These two distributions were compared to each other, and both the Welch test and the Mann-Whitney test were applied to determine whether the two distributions are significantly different from each other.
RESULTS
RESTING VENTILATION AND VENTILATORY PATTERN
Vt. The mean Vt is smaller in aborted SIDS than in normal infants at all ages; however, the major difference occurs in the first 2 months of life when the percentage difference in the means between normal and aborted SIDS infants reaches almost 50% (Fig. 1) . The differences in means are significant at I and 2 months of age in both REM and quiet sleep ( P < 0.05; Welch test).
Because there are no significant differences in weight between aborted SIDS and normal infants at any age, the weight-normalized Vt shows the same differences between normal and aborted SIDS infants.
The actual probability P[X > Y li] that the Vt of a normal infant (denoted generically by X) exceeds the Vt of an aborted SIDS infant (denoted generically by Y ) at the age of i months is also estimated. This probability is significantly above Y 2 at 1 and 2 months of age in both REM and quiet sleep ( P < 0.05; MannWhitney test) and does not fall below % at the other ages (Table  I ). This suggests that aborted SIDS infants tend to breathe with a smaller Vt than do normal infants.
Respiratory Timing (Ttot, Ti, and Te). Except at 3 months of age when the mean Ttot is essentially the same in both groups of infants, the mean Ttot is shorter in aborted SIDS infants at all ages and in both REM and quiet sleep (Fig. 2, top panel) ; the differences in means are significant at 2 and 4 months of age in both sleep states ( P < 0.05, Welch test). The estimated probability that the Ttot of a normal infant is longer than that of an aborted SIDS infant selected at random is significantly above Y2 at 2 months in both sleep states and at 4 months in quiet sleep ( P < 0.05; Mann Whitney test) and does not fall below ?h at the other ages and sleep states (Table I ). This suggests that aborted SIDS infants tend to have a shorter Ttot or tend to breathe at a faster rate than d o normal infants. This shortening of Ttot in aborted SIDS infants is in fact due to shortening of both components of Ttot, namely, Ti and Te. Figure 2 , middle pane/, shows that the Table I . Estimated probability that resting Vt, Ttot, or Vt/Ttot,
R E S P~R R T O R T CYCLE TIPE
RESPIRRTORT CYCLE TIrlE or percentage increase in Vt/Ttot in response to CO2 of a normal REP SLEEP QUIET SLEEP infant chosen at random at a certain age exceeds that of an aborted SIDS infant at the same age in both REM and quiet sleep '' Insufficient data for aborted SIDS infants (see text).
Probability significantly below '/r at the 0.05 level (Mann-Whitney test).
r . 4 5 mean Ti is smaller in the aborted SIDS infants than in normal
infants at all ages studied in both REM and quiet sleep; these differences in means are significant at 1,2, and 4 months in REM Because we could administer CO:, to only a very small number RGE InONTHSI RGE inONTHSl of aborted SIDS infants at 1 and 2 months of age (n < 3), no Fig. 2 . Top, except at 3 months of age. the mean Ttot is shorter in Aconclusive inferences could be made from our data as t~ the sign SID infants at all ages and is significantly shorter at 2 and 4 months of life or magnitude of the Con-induced changes in the ventilatory in both REM (lefi) and quiet (right) sleep. Mean +. I S.E. Middle, the variables for aborted SIDS infants at these two ages. We could, mean Ti is shorter in A-SID infants at all ages and is significantly shorter however, compare the Con-induced ventilatory changes between at 1.2, and 4 months in REM sleep (lefi) and at 2 and 4 months in quiet normal and aborted SIDS infants at 3 and 4 months of age more sleep (right). Mean + I S.E. Bortom. except at 3 months of age, the mean thoroughly.
T e is shorter in A-SID infants at all ages and is significantly shorter at I Instantaneous Vt/Ttot. The aborted SIDS infants showed an and 2 months of age in both REM (I$) and quiet (righr) sleep. ~e a n f increase in Vt/Ttot with CO2 in all cases studied at 3 and 4 months I S.E. of age. The same was true for normal infants except for few studies; 2 of 16 in REM and 1 of 17 studies in quiet sleep showed there were no clear and consistent differences in the Con-induced actually a decrease in Vt/Ttot with Con. The scatter plots in percentages of change in Vt and Ttot between normal and aborted Figure 4 show that the Con-induced mean percentage increase in SIDS infants, Vt/Ttot at 3 and 4 months of age is greater in aborted SIDS infants than in normal infants in both REM and quiet sleep. In DISCUSSION spite of the relatively small number of infants to whom we could administer C o n at these two ages, the means are significantly Our results show considerable overlap at each age and sleep greater in aborted SIDS infants at 3 months of age in REM sleep state between the population of aborted SlDS infants and the and 4 months of age in quiet sleep ( P < 0.05; Welch test) (Fig. 4) . population of normal infants in the ventilatory variables studied.
As shown in Table I , the estimated probability that the C o n -A typical example is the scatter plot of Figure 4 . However. in spite induced percentage increase in Vt/Ttot of a normal infant is of this overlap and the fact that it was only possible to study a greater than that of an aborted SIDS infant is significantly below relatively small number of aborted SIDS infants, our results show '4 at these ages and sleep states ( P < 0.05, Mann-Whitney test).
certain clear and consistent tendencies. For example. the mean Vt Vt and Trot. At each age and in both REM and quiet sleep, in Figure 1 is consistently smaller (although to various degrees) in of age in both sleep states.
Instantaneous Vr/Ttor. At each age and sleep state, the mean Vt/Ttot in aborted SIDS infants is not significantly different from I. 30 that in normal infants by either the Welch test or the MannWhitney test. Moreover, neither the differences in the mean Vt/ ; Ttot (Fig. 3) nor the estimated probabilities that an observed Vt/ ?? I .OO Ttot from one population is greater than that of another popula-
. tion (Table I) is consistently in one direction. The weight-normalized Vt/Ttot in aborted SIDS is not significantly different $ L from that in normal infants.
COX-INDUCED VENTILATORY CHANGES
In view of the overlap that exists between the two populations, comparisons of the populations in terms of their means is insufficient. Therefore, we also estimate the probability that a sample value X from one population is greater than a sample value Y from the other population. This probability can be interpreted as the probability that one population "tends" t~ exceed the other population for a certain variable, taking into consideration the overlap between them (17,30). It should not, however, be confused with the significance level for determining whether the two populations are statistically different.
COrINDUCED VENTILATORY CHANGES IN ABORTED SlDS INFANTS
This study does not confirm previous results (26) showing that aborted SIDS infants have virtually no increase in minute ventilation in response to COz. On the contrary, we show that aborted SIDS infants tend to have a larger percentage increase in Vt/Ttot in response to COz when compared to normal infants ( Fig. 4 ; Table I ). There are several possible explanations for the difference between previous results (26) and ours. First, although the infants studied in both investigations are aborted SIDS or near-miss SIDS infants, the study populations may have been different. Second, we studied the ventilatory response to COZ over a much longer period of time. Third, we studied infants nonin- vasively by the barometric method. This avoids facial contact. especially with the trigeminal area which, if stimulated, alters breathing and breathing pattern (3, 12) . Finally, because inhalation of 2% COz may not increase Paco2 (2, 8) . whereas 5% C 0 2 does (8), we raise the possibility that different receptor systems were stimulated because different concentrations of inhaled C 0 2 were used in the two studies. Data on animals (22) and man (13) have shown that, in addition to the traditional carotid or medullary chemoreceptors, vagally mediated airway receptors may play an important role in the Con-induced ventilatory changes. Whether these vagally mediated airway receptors have an increased sensitivity to COz in aborted SIDS infants is, at present, speculative.
RESTING VENTILATION IN ABORTED SlDS INFANTS
Although resting instantaneous minute ventilation in aborted SIDS infants is similar to that in normal infants at each age, the pattern of breathing in aborted SIDS infants differs from that in the normal infants. Aborted SIDS infants tend to have a shorter respiratory cycle time and, therefore, a higher respiratory frequency and a smaller Vt than do normal infants. The causes for this difference in the pattern of breathing in the aborted SIDS infants are not apparent to us at present.
The major difference in the magnitude of Vt between normal and aborted SIDS infants is in the first 2 months of life. These findings raise two questions: (1) d o aborted SIDS infants hypoventilate in the first 2 months of life although Vt/Ttot is virtually the same in both groups of infants? (2) do aborted SIDS infants mature so that their resting respiratory pattern resemble more that of the normal infants by 3 and 4 months of life? Clearly, these questions need further evaluation.
Whether the abnormal respiratory findings in our aborted SlDS infants are secondary to the cardiorespiratory arrest with possible central nervous system injury is not known. However, Hoppenbrouwers et al. (18) have found the same increase in respiratory rate in siblings of SIDS victims that we found in aborted SIDS infants. Although both groups are considered to be at high risk for SIDS, a major difference between these two groups is that the aborted SIDS infants have sustained an episode of a cardiorespiratory arrest whereas the siblings of SIDS infants have not. This implies that the respiratory abnormalities we report in this work are probably not a result of the aborted SIDS episode itself. in the first 4 months of life (15) . One possible explanation for these findings is that aborted SIDS infants have an increase in sympathoadrenal activity (14, 15, 21) . This may be, for example, in the form of increased tissue and circulating catecholamines or in the form of increased sensitivity of receptors to catecholamines. The greater increase in ventilation with Con found in aborted SIDS infants at 3 and 4 months of age is consistent with this hypothesis because it has been shown experimentally that acutely injected epinephrine or norepinephrine in adult man causes a greater increase in ventilation in response to C 0 2 (4, 7, 9). Additional support for this hypothesis is provided by the postmortem observation demonstrating hypertrophy of the chromaffin cell layer of the adrenal medulla in victims of SIDS (25) .
Whether the increase in sympathoadrenal activity that we are hypothesizing is secondary to hypoxia or some other stimulus is not known. The noninvasive nature of our studies and the complexity of the techniques utilized precluded measuring arterial blood gases during these ventilatory studies. Several previous postmortem studies have led to the hypothesis that SIDS infants had sustained a chronic hypoxic insult before death (24. 29, 33) . To our knowledge, however, actual oxygen desaturation has not been documented and no direct evidence of hypoxemia (i.e., decreased Pa02) exists in these infants.
